Introduction
The design of functional molecular architectures and the formation of electrostatic complexes at the nanometre scale have emerged as a major and novel research area for biological and biomedical applications. [1] [2] [3] [4] [5] [6] [7] [8] In particular, the controlled association between polyelectrolytes (i.e. charged polymers) and solid or soft nanoparticles or macroions such as micelles, 9 globular proteins, 10 dendrimers 11 and membranes, 12 using electrostatic driving binding mechanisms, has emerged as a promising means to stabilize, destabilize, assemble and control the chemical and biological reactivity of suspensions containing nanoparticles. 13 In particular, nanoparticles, especially those having dimensions below 100 nm, have been proved to be very promising owing to their unique properties with regard to their size (diffusive properties) and surface properties (chemical reactivities). In addition, many biopolymers, such as DNA, are also polyelectrolytes and the formation of assemblies with TS:1 nanoparticles, 14 proteins, 15 membranes 16 and vesicles, 17 for example, are expected to play critical roles in biological regulation processes with important potential applications in therapeutic delivery systems. 18 However, in most situations and since nanoparticle and colloids suspensions are thermodynamically unstable, they have to be made stable or at least metastable for long periods. 19 Usually, an energy barrier is created by the formation of charges at the surface of the nanoparticles of interest. Flexible soft polymer chains can also be used to create a protective steric layer around the nanoparticles. 20 As a result, electric and/or steric stabilization is ensured to avoid irreversible aggregation during the different steps of handling (synthesis, functionalization, storage) and in application areas where they are expected to be used. This is particularly important with respect to stability problems in biological fluids that exhibit significant ionic strength and consist of mixtures containing other nanoparticles, colloids, macroions, multivalent ions, etc. For biomedical applications, magnetic nanoparticles have, for example, to be stabilized both in suspension and under physiological conditions, by the adsorption of suitable polyelectrolytes, which can provide both electrostatic and steric stabilization, on the nanoparticle surfaces. 21 In addition, for given applications, the nanoparticle surface properties must be controlled. Different criteria then can be considered, such as particle size, particle dissolution, size distribution, surface polarity, presence of surface reactive groups which are pH dependent, hydrophilic versus hydrophobic balance of the surface and properties of the deposited polyelectrolyte corona at the nanoparticle surfaces. [22] [23] [24] It should be noted that the interaction between polyelectrolytes and the nanoparticle surfaces is still today a complex topic. The long-range attractive and/or repulsive character of electrostatic interactions between polyelectrolytes and nanoparticles, solution chemistry, chemical composition of the different compounds, geometry and concentration of both polyelectrolytes and nanoparticles, and also competitive adsorption and aggregation processes, etc., give these solutions very specific and labile properties which are only partially understood and hence difficult to control. 25, 26 Hence so far, little is known at present about the use of polyelectrolytes with nanoparticles regarding all the parameters and variables that need to be considered. Therefore, there is an urgent need for the understanding of the dynamics and structure of such complexes at the molecular level. Future advances in the design of such functional molecular nanostructures composed both of nanoparticles and polyelectrolytes must be based on a better and detailed understanding of nanoparticle-polyelectrolyte interactions at the molecular level, the resulting structures and long-term structural stability. [27] [28] [29] [30] [31] [32] The coupling of the experimental techniques used in soft condensed matter (static and dynamic light scattering techniques, nanoparticle tracking analysis, electrophoretic measurements, thermodynamic calorimetric analysis, etc.) with detailed computer simulations is expected to improve considerably the Computer simulations provide a very valuable approach to gain an insight into the understanding of the structures of nanoparticle complexes and their interactions with their surroundings. Even simple questions such as the effects of size variation on the properties of the nanoparticle complexes, surface charge changes and corona structure can be difficult to answer experimentally unless precise control over the building process is achieved. 13, 33 Computer modelling is able to test independently the influence of various parameters such as pH, temperature, nanoparticle charge, building block properties and specific environments such as extreme temperatures and physiological conditions. It can also provide at the atomistic level more detailed information about the structures of these complex than is possible with experimental measurements. In this chapter, we attempt to give the reader an overview of problems that can be addressed and show how simulations can therefore act as an efficient tool to explore the large parameter space for complex nanostructures where experiments cannot give definitive answers.
We start by briefly discussing some of the computational methods that are used and have been developed to model the structure of individual nanoparticles, systems containing nanoparticles and nanoparticle interactions with their surroundings by describing both their theoretical basis and their advantages and disadvantages. This brief methodological overview is followed by the presentation of one computer simulation technique; coarsegrained Monte Carlo simulation. As a prototypical system, we consider the problem of the interaction of polyelectrolyte chains with oppositely charged nanoparticles, discuss different situations and try to isolate the potential influence of experimental parameters.
Computer Simulation Techniques
Investigations dealing with nanoparticle systems cover a wide range of time and length scales, [34] [35] [36] [37] [38] from femtosecond dynamics including all atomic details to real-time macroscopic phenomena (Figure 10.1) . The wide range of timescales is introduced by the short-time Brownian motion and the longtime hydrodynamic behaviour of the solvent whereas the range of length scales is related to the size separation between nanoparticles and the assemblies that they can form, large polymer chains, gels and solvent molecules. Since nanoparticles and the structures they form cannot be easily treated with quantum mechanical methods, it is more appropriate to use 'classical' molecular approaches. Molecular approaches are commonly used in studies relating to the formation and evolution of individual nanoparticles. Classical computer simulation methods include the Monte Carlo (MC), molecular dynamic (MD) and Brownian dynamics (BD) methods. 39 In general, the MC method is the easiest to implement but it should be keep in mind that it only provides information on systems in their equilibrium state. The MD method, on the other hand, is more complex but capable of simulating both non-equilibrium and equilibrium systems and gives kinetic or time-related information. In computer simulations, the instantaneous, systematic forces acting on each atom or particle, in the case of coarse-grain methods, are usually given in the form of interaction potentials (described in a force field) and where the energy is calculated as the sum over individual particles, pairs, triplets, etc. 40 Force fields are typically parameterized from a combination of experimental results and quantum calculations. Potential energy functions are additive and usually contain on the one hand bonding terms describing covalent interactions between atoms and on the other hand non-covalent terms to describe long-range interactions. Bonding terms represent a molecular deformation from an arbitrary reference geometry. Non-bonding terms describe van der Waals interactions, hydrogen bonding, electrostatic attractions and/or repulsions. A common description of these interactions includes a combination of Lennard-Jones potentials and Coulomb's law. 
Molecular Dynamics
Based on Newton's equations of motion, this well-established method 41, 42 allows the determination of the evolution of simple molecules and systems and the time-dependent behaviour of the system. During MD simulations, a system undergoes conformational and momentum changes so that different parts of the phase space accessible to the molecules can be explored. The conformational search capability of MD is one of its most important uses. By providing several mechanisms for controlling the temperature and pressure of simulated systems, MD also allows the generation of statistical ensembles from which various energetic, thermodynamic, structural and dynamic properties can be calculated. The advantage of MD is a realistic description of the microscopic dynamics of the constituents and permits, for example, the investigation of the transport of small molecules across bilayers, membrane channels, etc. Current MD simulations are able to investigate membrane patches of a few tens of nanometres over timescales of a few tens of nanoseconds. The largest scale simulations carried out at the atomistic level are also able to study lipid-protein or lipid-DNA interactions and to investigate channels through a bilayer lipid membrane. It should be noted that the bilayer structures in almost all of these atomistic simulations has to be preassembled because the timescale of self assembly from a dispersed mixture would greatly exceed the simulation timescale. The most timeconsuming part of MD is the calculation of the force acting on each atom. The main difficulty with such an approach is that it cannot be used to model the behaviour of realistic processes containing nanoparticles (such as nanoparticle aggregation). A considerable simulation time would be required to follow the motion of the solvent. As a result, the application of MD to soft-matter systems is nowadays relatively limited.
Brownian Dynamics
In solutions containing different species, such as dispersions of nanoparticles, polymer chains, polyelectrolytes and individual molecules such as salt particles, the timescale characterizing the motion of each species can differ by several orders of magnitude. To simulate the dynamics of such systems when the fast motion of the small species is not relevant and where MD methods would require too demanding computer resources, approaches such as the Brownian dynamics (BD) method can be used. 43, 44 In BD, the fast motion of the smaller particles is not considered and their impact on the large objects is represented by a combination of random and frictional forces. Here the Newtonian equations of motion are replaced by Langevintype equations of motion. As a result, BD can be considered as a coarse-grain method including the viscous aspects of the surrounding solvent, thermal fluctuations and the dynamic correlation between the particles. As they do not generally account for the electrostatic and van der Waals effects, they are not always appropriate when strong electrostatic effects play a role, which is often the case. However, the computational cost of BD is so important that one cannot treat more than a few hundred Brownian particles. It should be noted that dissipative particle dynamics (DPD) is also an alternative 45, 46 to classical MD and includes hydrodynamic and Brownian fluctuations. Here fluid molecules are not explicitly represented but groups of molecules called dissipative particles interact with each other, exchange momentum and move randomly. However, the method is computationally expensive, since the number of particles of interest is usually much smaller than the number of dissipative particles.
Monte Carlo Simulations
Monte Carlo simulations are used in many areas of mathematics, physics and chemistry. [47] [48] [49] MC simulations contain one random variable and use a sort of random path via a statistical sampling of multiple replicates. Here the particle momenta and velocities are not involved. A reliable pseudo-random number generator is also critical for the success of MC simulations and they are used to sample the conformational space and based on a Markov chain sequence of trials for which the result of successive trials depends on the immediate predecessor. This approach is successfully used to describe building processes between polymers, micelles formation, gel behaviour and the complexation process between nanoparticles and polyelectrolyte chains. MC simulation scheme can be used both at the atomistic level and at the coarse-grain level.
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Coarse-Grain Models
Although MD simulations have become more applicable to experimental systems with the development of increasingly accurate, specific force fields, they remain limited to nanometre length scales owing to the computational demand of calculating the interactions amongst all the atoms and in particular the van der Waals and electrostatic energy functions. For nanoparticles that are immersed in an aqueous solvent, collective phenomena reaching beyond tens of nanometres in size and a few microseconds, a different strategy must be adopted. Such restrictions have therefore resulted in the development of coarse-grain (CG) models, which provide the ability to compute and investigate the properties of materials such as nanoparticles, proteins and membranes, lipid interactions, selfassembly and phase transitions between self-assembled morphologies at the mesoscale level. [55] [56] [57] [58] [59] This was achieved by reducing the level of detail in the system representation. For example, each monomer constituting a polymer chain is represented by a single spherical coarse-grain unit. Hydrophobic and hydrophilic components are just linear monomer units or beads, making the parameterization easier. On the scale of the beads, the solvent can be viewed as a hydrodynamic continuum, characterized by its dielectric constant, viscosity and temperature. Since nanoparticles and polyelectrolyte systems can exhibit dimensions up to a few hundred nanometres, coarse-grain models are ideal candidates in modelling soft matterrelated systems. The challenge here consists in including just enough details so as to capture the physical chemistry that is relevant to investigate the problem of interest. This is usually done by (i) using multiscale modelling in which the various levels of treatment are coupled and transferred into one another and/or (ii) starting with a simple model and incrementally increasing its complexity by including additional interactions until the phenomenon of interest is captured.
As mentioned in the Introduction, this chapter offers an illustrative example of the application of computer simulation within coarse-grain models to soft matter issues: the complexation between polyelectrolyte chains and oppositely charged nanoparticles; the interested reader can find in the scientific literature other examples of biotechnological relevance, 60 ,61 many of them straightforwardly related to some of the soft nanoparticles analysed in this book. This is particularly true for the swelling of micro-and nanogels. The usual model of a microgel is developed from an idealized representation of a polymer network commonly used in simulations of gels, in which monomer units and cross-linkers are modelled as spheres. 61, 63 The network is also characterized by the numbers of nodes (cross-linkers), the number of chains connected to the nodes (functionality) and the number of neutral and charged monomer units per chain. Molecules such as N,N 0 -methylenebisacrylamide can be considered as tetrafunctional cross-linkers. For that reason, a diamond-like topology (usual in simulations of gels) is also assumed. As commented on before, simulating the solvent explicitly is prohibitively time consuming. Nevertheless, an effective solvent-mediated hydrophobic attractive interaction between non-polar monomer beads is required in aqueous solutions to capture the thermo-shrinking behaviour of some temperature-sensitive nanoparticles, such as poly(N-isopropylacrylamide)-based micro-and nanogels. 62 Even within this level of coarse graining (and without an explicit solvent), it should be pointed out that the number of particles required for the simulation of a whole microgel could be extremely high. In fact, simulating microgel particles with diameters greater than a few tens of nanometres can become an unassailable task. For some purposes, however, one could then simulate a small and inner piece of the microgel assuming that the rest of the gel behaves in the same manner and surface effects are negligible. In other words, we would simulate an infinite network, replicating a small piece of it (the simulation cell). This would permit us to examine computingintensive properties, such the volume fraction or the osmotic AQ:1 pressure. Also. some of these properties could be related to extensive quantities (e.g. the diameter of the nanoparticle) if a reference state is perfectly known. 62 If the network is small enough, the nanogel can be explicitly simulated including the ionic atmosphere around it. 
Coarse-Grain Monte Carlo Model of Polyelectrolyte and Nanoparticle Complex Formation
In this section, a method for modelling the complexation process between a strong polyelectrolyte chain and one nanoparticle is discussed. The coarsegrain approach presented here has been demonstrated to be effective and reliable in studying specific phenomena such as the polyelectrolyte corona at the nanoparticle surface, nanoparticle surface charge modifications and calculation of adsorption/desorption limits. Quantitative comparisons with experiments were also made possible by providing microscopic insight into polyelectrolyte-nanoparticle system properties such as the evolution of the nanoparticle surface charge.
The Model
A pearl necklace coarse-grain model is used to generate off-lattice threedimensional polyelectrolyte chains. They are represented as a succession of N freely jointed hard spheres and each sphere is considered to be a physical monomer of radius s m ¼ 3.57 Å. The fraction of ionized monomers a is then adjustable by placing negative charges (equal to À1) at the centre of the monomers. The bond length is constant and equal to the Bjerrum length l B ¼ 7.14 Å. The nanoparticle is represented as a uniformly charged sphere with a variable radius s p so as to obtain full insight into nanoparticle curvature effects. The solvent is treated as a dielectric medium with a relative dielectric permittivity constant e r taken as that of water at 298 K, i.e. 78.5. The total energy E tot (k B T units) for a given conformation is the sum of repulsive electrostatic interactions between the polyelectrolyte monomers and attractive electrostatic interactions between the polyelectrolyte and the nanoparticle E el . Excluded volume interactions E ev are also considered to include both monomer and particle excluded volumes. Van der Waals interactions can also be added into the model so as to take into account polyelectrolyte or nanoparticle hydrophobicity and non-electrostatic forces. To consider implicitly the solvent ionic strength and potential-related changes and reduce the simulation time, a DebyeHückel approach is used to describe the electrostatic interactions. In the Debye-Hückel model, all pairs of charged monomers ij within the polyelectrolyte interact with each other via a screened Debye-Hückel longrange potential:
where z i is the amount of charge on unit I, e the elementary charge, e 0 the dielectric permittivity of the vacuum, e r the dielectric permittivity of the solution, k the inverse Debye screening length and r ij the distance between the charged monomers. Monomers interact with the particle according to a Verwey-Overbeek potential:
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where s p represents the nanoparticle radius. Since free ions are not included explicitly in the simulations, their overall effects on monomer-monomer and monomer-particle interactions are described via the dependence of the inverse Debye screening length k 2 on the electrolyte concentration according to
where N A is Avogadro's number, C i the ionic concentration, k B the Boltzmann constant and T the absolute temperature. The polyelectrolyte intrinsic chain stiffness can also be considered in the model and adjusted by a square-potential with variable amplitude to vary its strength. This gives the bending energy:
where a 0 ¼ 1801, a i is the angle achieved by three consecutive monomers i -1, i and i þ 1 and k ang defines the strength of the angular potential or chain stiffness.
The Monte Carlo Procedure
Monte Carlo simulations are performed according to the Metropolis algorithm in the canonical ensemble (Figure 10 .2). Successive 'trial' chain configurations are generated to obtain a reasonable sampling of low-energy conformations. After applying elementary movements which are randomly selected, the Metropolis selection criterion is employed either to select or to reject the move. If the change in total energy DE resulting from the move is negative, then the move is selected. If DE is positive a Boltzmann factor p:
is computed and a random number z with 0rzr1 is generated. If zrp, the move is selected. When z4p, the trial configuration is rejected and the previous configuration is retained and considered as a 'new' state in calculating ensemble averages. This conformation is the one that is perturbed in the next step. The perturbation process is continued a specified number of times (a typical run requires several million perturbations) until the conformation is energy minimized and equilibrated. To generate new conformations, the monomer positions are randomly modified by specific movements. These movements include three 'internal' or elementary movements (end-bond, kink-jump and crankshaft), the pivot and the reptation. 64 The use of all these movements is very important to ensure the ergodicity of the system and also the convergence toward minimized conformations.
One important challenge and problem is to allow the energy of the complex structure to be minimized gradually without trapping the structure in a local energy minimum. This problem is of particular importance when compact conformations have to be achieved or when large polyelectrolyte chains are considered because a few monomer-monomer contacts can lead to the formation of 'irreversible' bonds that freeze the complex structure. Some MC refinements are therefore necessary to overcome the formation of structures in local minima and increase the chances of success when sampling new conformations. Anneal Monte Carlo can be used to minimize the complex structures gradually by altering the temperature from an initial value to a final value and vice versa, to increase the chances of success when sampling conformations. However, as this method requires a large amount of CPU time, it should be used for the formation of dense structures only.
To investigate the formation of polyelectrolyte-nanoparticle complexes, the central monomer of the chain is initially placed at the centre of a large three-dimensional spherical box and the particle is randomly placed in the cell. The polyelectrolyte and the oppositely charged particle are then allowed to move (a random motion is used to move the particle). After each calculation step, the coordinates of both the particle and monomers are translated in order to replace the central monomer of the polyelectrolyte in the middle of the box. It should be noted that the chain has the possibility to diffuse further away and leave the particle surface during a simulation run (so the polyelectrolyte desorption process can be investigated). After relaxing the initial conformation through 10 6 cycles (equilibration period), chain properties are then calculated and recorded every 1000 cycles. Owing to the large number of possible situations to be investigated with regard to the changes in polyelectrolyte intrinsic rigidity, size and charge of the nanoparticle and ionic strength, the application of this model with respect to the actual processor speeds has currently limited the chain length to 100 monomer units (200 for the isolated polyelectrolytes).
Monte Carlo Simulations of Complex Formation
Between Nanoparticles and Polyelectrolyte Chains
Complexation Between a Strong Negatively Charged Polyelectrolyte Chain and an Oppositely Charged Nanoparticle
Using the previously described coarse-grain MC approach, we focus first on the influence of the polyelectrolyte length N. As the ionic strength C i is also expected, via screening effects, to play a key role in controlling the electrostatics, including chain conformation and polyelectrolyte-nanoparticle interaction energies, we also focus on its influence.
Influence of Ionic Strength and Polyelectrolyte Chain Length on Complex Structures
It can be clearly seen from Table 10 .1 that no polyelectrolyte adsorption is observed when C i Z1 M, i.e. at high ionic strength. Attractive surface-polymer interactions in high ionic strength conditions are not strong enough to overcome the entropy loss of the polymer due to its confinement near the particle. This is an important point to consider for the potential application of such nanoparticle complexes in a physiological medium because of the high ionic strength of the latter. It is also important to observe that long chains are found preferentially adsorbed on the nanoparticle surface because less entropy is lost compared with the short chains, while they gain approximately the same (total) adsorption energy. When the polyelectrolyte is adsorbed on the nanoparticle, its conformation or corona structure is expected to be different from that in solution. When N ¼ 25, the adsorption approaches that on a nearly planar surface. In this case, the chain can fully spread on the surface with dimensions close to its dimensions in a free solution. When chain length is increased to N ¼ 100, the polyelectrolyte continues to wrap around the nanoparticle to optimize the number of contacts. The conformation of the polyelectrolyte is then dictated by the particle size and is subject to the highest level of deformation (the maximum is observed here when N ¼ 140). On increasing chain length further, both the excluded volume and electrostatic repulsions between the monomers prevent any additional adsorption on the surface via the formation of an extended tail in solution. On the other hand, monomer adsorption is again promoted by increasing the ionic strength, which reduces the electrostatic repulsions between the monomers at the nanoparticle surface. The results presented here clearly demonstrate that the polyelectrolyte corona and amount of adsorbed polyelectrolyte are not simple monotonic functions of N and C i . in particular when the polyelectrolyte is large enough to form a tail in solution.
Impact of Polyelectrolyte Intrinsic Rigidity
The behaviour of polyelectrolyte-nanoparticle complexes is usually described by considering the ionic concentration of the solution, polyelectrolyte Nonetheless, an essential parameter is the polyelectrolyte chain flexibility, which includes both chain stiffening due to electrostatic monomermonomer repulsions and stiffness of the underlying chain backbone, which is also called intrinsic flexibility. 65 Both effects control the polyelectrolyte persistence length, which is equal to 50 nm in the case of DNA. To achieve a comprehensive description of DNA-like-nanoparticle or polysaccharidenanoparticle assemblies, equilibrated conformations of complex formation between a polyelectrolyte with variable flexibility and nanoparticles as a function of C i and k ang are presented in Table 10 .2. No adsorption is observed when C i Z1 M whereas adsorption is always observed when C i r0.1 M. When Table 10 .2 clearly demonstrates that adsorption is strongly controlled by the value of the polyelectrolyte persistence length. As shown here, adsorption is promoted by (i) decreasing the chain stiffness (and subsequently the energy required to confine the semi-flexible polyelectrolyte at the particle surface) and (ii) decreasing the ionic concentration (thus increasing the electrostatic attractive interactions between the monomer and the particle surface that we consider as the driving force for the adsorption). Because of charge screening in the high-salt regime, monomer-nanoparticle interactions are not large enough to overcome the polyelectrolyte confinement near the nanoparticle and therefore no complex formation is observed. When the chain is semi-flexible, 'tennis ball' conformations are achieved, whereas when rigid chains are considered, the intrinsic flexibility forces the polyelectrolyte to adopt solenoid conformations similarly to the packaging of DNA in chromatin, a fundamental element of biology in which a DNA of approximately 150 base pairs is tightly wrapped around a small protein complex to form the nucleosome.
Nanoparticle Size and Surface Charge Effects
We focus now on the influence of curvature effects related to the nanoparticle size variation. Indeed, depending on the relative size of the nanoparticle compared with the polyelectrolyte contour length, important changes in the polyelectrolyte corona structure are expected. Examples of equilibrated conformations of polyelectrolyte-nanoparticle complexes as a function of the ionic concentration C i and nanoparticle/monomer size ratio s p /s m are presented in Table 10 .3. The polymer length is constant and equal to N ¼ 100 monomer units. The central point charge Q of the nanoparticle is adjusted so as to keep a constant surface charge density equal to þ100 mC m
À2
. As shown in Table 10 .3, three distinct domains may be defined. Small nanoparticles do not permit the adsorption of all the polyelectrolyte monomers owing to the confinement energy of the chain. As a result, extended tails are formed in solution and the corona in very extended. When the nanoparticle radius is large enough, the polyelectrolyte collapses on it to form classical 'tennis ball'-like conformations. The corona is formed of trains and loops. On further increasing nanoparticle size, polyelectrolytes can spread to the same extent as on a flat surface with a corona essentially composed of trains. Finally, on increasing the ionic concentration, the charged polyelectrolyte starts to desorb. When screening is important, no adsorption is observed.
From a more quantitative point of view, when the polyelectrolyte is adsorbed at the particle surface, its conformation is expected to be different from that in solution without the influence of the nanoparticles. To gain an insight into the extent of change, the mean square radius of gyration hR g 2 i of the polyelectrolyte can be calculated from the simulation data and represented as a function of C i for different s p /s m values (Figure 10.3) . It is clearly demonstrated here that maximum polyelectrolyte deformation is achieved when C i ¼ 0.1 M. Below this concentration, the electrostatic repulsion between the monomers is strong enough to limit the adsorption process through the formation of extended tails in solution. When s p /s m ¼ 8, maximum deformation is achieved whatever the ionic concentration. The nanoparticle surface area is large enough that the polyelectrolyte is able to wrap around the sphere to optimize the number of contacts. When s p /s m 48, the conformation and size of the polyelectrolyte are now dictated by the size of the particle. On increasing the particle size further, the nearly planar surface limit is now reached. In this case, the chain can spread fully on the surface with dimensions close to those in solution.
Nanoparticle Charge Neutralization, Charge Inversion and Overcharging
An important issue when dealing with nanoparticle assemblies and applications is related to the final charge of the complex, which is expected to control the stability of the complex in solution. Moreover, the surface charge, which can be determined experimentally using electrophoretic measurements, constitutes one of the few experimental parameters allowing direct comparison Table 10 .3 MC equilibrated conformations of polyelectrolyteparticle complexes as a function of the ionic strength C i and nanoparticle size ratio. The polyelectrolyte contour length is constant (N ¼ 100), as is the nanoparticle surface charge density. Depending on the size of the particle, three regions may be defined. Small particles do not permit the adsorption of full polyelectrolyte owing to the importance of the confinement energy of the chain. As a result, extended tails are formed in solution. When the particle radius is large enough, the polyelectrolyte collapses on it to form 'tennis ball'-like conformation. Then, with further increase in particle size, polyelectrolytes can fully spread on the between simulations and experiments. In Figure 10 .4, we calculated as a function of the polyelectrolyte length N the variation of the number of adsorbed monomers N ads in the salt-free case. With increasing size of the polyelectrolyte, several key results are found: (i) the chain is fully collapsed on the charged nanoparticle provided that the complex is undercharged; (ii) when N4Q (i.e. the number of charged monomers is greater than the nanoparticle charge), more monomers adsorb on the particle surface than is necessary to neutralize it and, as a result, the complex is overcharged. Moreover, accumulation of monomers close to the surface continues up to a critical value (here N ¼ 151); (iii) beyond that critical number of monomers, a protruding tail in solution appears, in good agreement with theoretical models predicting a first-order transition at this point followed by a small decrease in N ads with N to reach rapidly a plateau value. It should be noted that tail formation is also observed in cells when considering DNA-histone complexes owing to the excess charge remaining from DNA chains. We now consider the overcharging issue in the presence of added salt. All calculations were performed with C i r0.03 M, i.e. before the desorption process takes place. The number of collapsed monomers as a function of N and C i is reported in Figure 10 .5. By increasing the screening of the electrostatic interactions, it is clearly demonstrated that the polyelectrolyte monomer electrostatic confinement effect at the nanoparticle surface is reduced, thus allowing the adsorption of a greater number of monomers on the nanoparticle surface. In addition to the increase in charge inversion with increase in C i , Figure 10 .5 also demonstrates that the position of the firstorder transition is increased with increase in ionic strength.
Complexation Process Between One Polyelectrolyte and Several Nanoparticles
The main purpose of this section is to extend the model to systems involving several nanoparticles. 66 Two parameters are adjusted here, the surface charge of the nanoparticles and the ionic strength.
As shown in Table 10 .4, dense aggregates are achieved with such flexible and strong polyelectrolytes. Here the polyelectrolyte chains act as a polymeric glue for the nanoparticles. It is found that, at low nanoparticle surface charge density, by decreasing the ionic strength complex formation is 
Complex Formation Between Nanoparticles and Weak Polyelectrolyte Chains
Owing to the importance of solution pH for the acid-base properties of polyelectrolytes and nanoparticles (and effects on polyelectrolyte degree of ionization and nanoparticle surface charge), it is critically important to understand the effects of pH on polyelectrolyte conformation and complex formation. 67 It is important to note that, because of their connectivity along the polyelectrolyte chain, charged monomers interact strongly between themselves and their acid-base properties are different from those of ideal systems. In the case of a polyacid, the total amount of charge increases with increase in the pH of the solution. However, the electrostatic interactions oppose the deprotonation. Hence one has to consider in the models an apparent dissociation constant K that is related to the solution pH and the polyelectrolyte degree of ionization a via the Henderson-Hasselbach equation:
The differences in the acid-base properties of connected monomers in chains and isolated monomers are then given by
where pK 0 is the negative logarithm of the dissociation constant of a monomer in the absence of electrostatic interactions. npK will largely , are considered. Non-adsorbed nanoparticles are not presented. Dense aggregates are mainly obtained and the number of nanoparticles is limited both by the nanoparticle surface charge (controlling the electrostatic repulsive interactions between the nanoparticle) and ionic strength, which plays a non-linear role depending on the nanoparticle surface charge. depend on polyelectrolyte length, complex formation and the presence of the nanoparticles, and also on the ionic concentration of the solution because of the influence of screening effects between charges. Again, ionic strength is expected to play a central role here. To understand such effects better, the MC coarse-grain model has to be modified so as to include pH variations. After a given number of Monte Carlo steps to equilibrate the polyelectrolyte conformation, a monomer is chosen at random and, depending on the solution pH, its charge state is switched on or off. The energy change, DE, which determines the probability of accepting the new charge, is the sum of the change in electrostatic interaction DE c and a term that corresponds to the change in free energy of the intrinsic association reaction of a monomer:
Regarding the AE symbol in eqn (10.8), when a monomer is deprotonated a minus sign is used and when the monomer is protonated a plus sign is required. the grand canonical simulations, the chemical potential is fixed, hence the difference pH À pK 0 is an input parameter and, after energy minimization, the degree of ionization a is measured. At this point, titration curves, i.e. the degree of dissociation of the polyelectrolyte as a function of pH, can give useful information on the complex formation between one nanoparticle and a weak anionic polyelectrolyte and can point out the importance of several competing effects.
As shown in the titration curve in Figure 10 .6, (i) attractive interactions between the charged polyelectrolyte and the nanoparticle change the acidbase properties of the polyelectrolyte by promoting chain ionization and (ii) the ionic concentration decreases the attractive interaction between the polyelectrolyte and the nanoparticle but promotes polyelectrolyte ionization. The equilibrated structures in Table 10 .5 also indicate that owing to charge mobility, polyelectrolyte charges accumulate at the nanoparticle surface, suggesting that annealed polyelectrolyte (polyelectrolyte chains having mobile charges) are expected to bind more strongly than quenched (fixed) polyelectrolytes with equivalent charge density, in good agreement with experimental findings.
Effect of Solution Chemistry (Presence of Di-and Trivalent Ions) on Complex Formation
Multivalent ions, which are naturally occurring in biological or environmental systems, are expected to induce important conformational changes to polyelectrolytes, dendrimers, gels, membranes, etc., via local and very specific interactions. 68, 69 Such specific effects cannot be explained by an implicit ion representation and consequently the model has to be refined. If free ions must be explicitly present then salt particles (both anions and cations) should be described by impenetrable hard spheres to take into account the ion excluded volume effect and ion mobility. For consistency, it is also important to consider the counterions of both the nanoparticle and polyelectrolyte chain. In our extended coarse-grain model, both the nanoparticle and polyelectrolyte counterions and also salt anions and salt cations have fixed radii of 2 Å whereas di-and trivalent salt cations have radii of 2.5 Å. Counterions and salt particles have a permanent charge on their centre of þ1 for polyelectrolyte counterions, À1 for nanoparticle counterions, þ1, þ2 or þ3 for salt cations and À1 for salt anions. Since the polyelectrolyte linear charge density is pH dependent, each monomer is a titrating site which can be neutral or negatively charged (À1). In the simulation box, all pairs of charged objects interact with each other via a full Coulombic electrostatic potential, which is positive or negative when repulsive or attractive interactions are considered and is defined as where z i,j represent the charges carried by monomers, the nanoparticle, counterions or salt particles, r ij is the distance between them (centre to centre) and R i,j are their radii. Thus the total energy E tot for a given conformation, which also includes hard core interactions, is given by the sum of the whole pairwise potentials u ij . In the following examples, during the MC simulations, only the polyelectrolyte chain charges will vary with pH. Hence the acceptance of each protonation/deprotonation step of the polyelectrolyte monomers is related to the MC Metropolis selection criterion already discussed. Each monomer charge is switched on or off depending on whether the monomer is neutral or charged, and oppositely charged counterions are randomly inserted or removed when charges appear on or disappear from the chain, respectively, to keep the system electrostatically neutral. The addition of explicit counterions results from the presence of an alkali such as NaOH. As a result, during the titration processes, the simulation box is coupled to a proton bath to establish a constant pH. For a given pH À pK 0 value, an energy stabilization equilibration period of 2.5Â10 5 MC steps is achieved, followed by a production period of 7.5Â10 5 steps where observables such as the chain degree of ionization a, polyelectrolyte radius of gyration, number of monomers in trains, tails and loops or the monomer radial distribution function around the nanoparticle, in addition to salt particle and counterion positions, are recorded to calculate ensemble averages.
Complex Formation in the Presence of a Monovalent Salt
The case of an isolated weak polyelectrolyte chain and one nanoparticle surrounded by explicit monovalent counterions and monovalent salt particles at C i ¼ 1Â10 À3 M is discussed first. Both pH and nanoparticle surface charge densities ranging from 25 to 100 mC m À2 have been adjusted. As shown in Table 10 .6, polyelectrolyte deprotonation is induced by the increase of pH À pK 0 values, which concomitantly promotes the adsorption of the polyelectrolyte on the nanoparticles. The nanoparticle effective charge is also controlled by the presence of its counterions, salt anions and polyelectrolyte monomers, whereas attractive interactions between monomers with counterions, salt cations and nanoparticles affect the polyelectrolyte linear charge density. It is found that on increasing pH À pK 0 , the polyelectrolyte chain moves closer to the nanoparticle surface, therefore releasing the nanoparticle counterions in the bulk. This indicates that entropy is expected to play a role here. When the polyelectrolyte linear charge density becomes higher than the nanoparticle bare charge (overcharging situation), polyelectrolyte counterions and salt cations are attracted again around the complex so as to reduce the electrostatic energy of the system (Table 10 ). At a given pH À pK 0 value, the increase in the nanoparticle surface charge promotes polyelectrolyte deprotonation due to an increase in the attractive interactions between monomers and the nanoparticles. The results presented here clearly indicate that in some circumstances the co-and counterions also play key and subtle roles in the complex formation.
Effect of Salt Valency
The case of an isolated weak flexible polyelectrolyte (N ¼ 100) and a nanoparticle at s ¼ 50 mC m À2 surrounded by explicit monovalent counterions and also mono-, di-or trivalent salt particles (C i ¼ 1Â10 À3 M) is now discussed. Table 10 .7 presents the equilibrated conformations of one polyelectrolyte and one nanoparticle at various pH À pK 0 values and salt valencies. It is clearly shown that increasing the salt valency results in higher polyelectrolyte degree of ionization a for a given pH À pK 0 value. This is due to stronger specific monomer-salt cation associations and screening efficiency. Therefore, polyelectrolyte and nanoparticle complexation is in direct competition with the association of salt cations around polyelectrolyte chains. With increase in pH À pK 0 , the associated nanoparticle counterions . The degree of ionization a is also presented in the inset. ). Each monomer can be neutral (grey sphere) or carry one negative charge (yellow sphere). Chain and nanoparticle monovalent counterions are purple and blue. Cases with a mono-, di-and trivalent salt (cyan spheres) are considered. The polyelectrolyte adsorption is promoted by an increase in the chain linear charge density. When a40.5, the association between monomers and salt cations occurs more strongly with higher salt valencies, hence promoting the chain deprotonation and the competition with the polyelectrolyte-nanoparticle complexation. and salt anions are progressively released into the bulk and replaced by the charged monomers of the polyelectrolyte. When a40.5 and with a monovalent salt, polyelectrolyte counterions and salt cations are not distinguishable and the association is then unspecific. The case with divalent salt results in a specific association of the salt cations with the polyelectrolyte due to stronger monomer-salt attractive interactions. Indeed, by considering a trivalent salt, the adsorption of the trivalent cations around the polyelectrolyte chains when a40.5 strongly influences the final conformations of the nanoparticle-polyelectrolyte complex. As a result, a subtle competition between salt cation interactions leads to the formation of locally collapsed polyelectrolyte segments, which are desorbed from the nanoparticle surface (for instance, pH À pK 0 ¼ 3.25 and z i ¼ 3). Therefore, the overall complexation process is found to be less efficient with a trivalent salt than with a mono-or divalent salt.
Conclusions and Outlook
The effects of ionic strength, nanoparticle size and surface charge, polyelectrolyte length, persistence length, pH and the presence of multivalent ions on the complex formation between a polyelectrolyte and oppositely charged nanoparticles have been investigated using a coarse-grain MC approach. It is clearly shown that MC simulations constitute a rewarding and invaluable approach successively to increase the model refinement and to isolate the relevant factors that control the polyelectrolyte conformation in solution and at the surface of the nanoparticles. From this model, adsorption limits, which are important for potential applications, distribution of ions, final complex charge, influence of pH and complex stability with regard to the solution ionic strength can thus be investigated at least in a qualitative way to address the formulation of polyelectrolyte-nanoparticle mixtures and guide new experiments.
From the simulation data presented here, important results on the complex formation between nanoparticles and polyelectrolytes can be derived in particular with regard to the influence of ionic strength, which is a key parameter in biological applications. Our simulations point out the importance of two competing effects when the ionic concentration increases; on the one hand, by decreasing the electrostatic repulsions between the charged polyelectrolyte substantial amounts of monomers can be attached to the nanoparticle surface; however, on the other hand, the electrostatic attraction between the nanoparticle and the monomer becomes less important, giving the monomers and the polyelectrolyte the opportunity to leave the particle surface. Therefore, the best conditions for complex formation will be obtained at intermediate ionic strengths.
Adsorption of charged polymers on nanoparticles is controlled not only by ionic concentration but also by particle diameter. Surface curvature effects clearly limit the amount of adsorbed monomers; large particles allow the polyelectrolyte to spread on the surface whereas small particles limit the number of adsorbed monomers that may be attached to it. When small particles are considered, the low-salt regime is dominated by polyelectrolyte monomer-monomer repulsions, forcing the polyelectrolyte to form extended tails in opposite directions. When the particle size is of the order of or larger than the radius of gyration of the charged polymers, polyelectrolytes can wrap fully around the nanoparticle.
MC results also demonstrate that the complexation between a polyelectrolyte and a charged sphere can lead to overcharging when the polyelectrolyte size is large enough. In the case of added salt, our simulations indicate the importance of charge inversion with increase in ionic concentration.
Chain stiffness influences the amount of adsorbed monomers, the monomer distribution at the particle surface and adsorption/desorption limits. The amount of adsorbed monomers has a maximum value for the semi-flexible chains in the low salt concentration regime. In such conditions, the polyelectrolyte is strongly adsorbed at the particle surface as a solenoid and the confinement energy does not contribute to the formation of tails in solution. When the intrinsic stiffness of the chain is small, tennis ball-like conformations are achieved. In contrast, when rigid chains are considered, the polyelectrolyte becomes tangential to the particle.
Polyelectrolyte adsorption is promoted by increasing its degree of ionization and hence pH À pK 0 values when weak polyelectolytes are considered, and/or decreasing the ionic concentration to promote electrostatic attractive effects.
This synthesis of simulation data reported here is a preliminary step towards an even more precise modelling of the problem to gain an insight into the behaviour of more concentrated polymer and nanoparticle solutions (systems with several chains). A simple model involving one chain interacting with one particle has been described, but it can be extended to more concentrated systems involving several chains (and/or nanoparticles). Also, the model and related concepts could be extended to different systems, including full soft systems such as gels, star polymers and dendrimers. We hope that the observations presented in this chapter will be particularly useful for the rational design of systems containing polyelectrolytes, ions and nanoparticles. 
